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(57) ABSTRACT

In a method for noncontact, radiation thermometric tem-
perature measurement, a short-circuit photocurrent that 1s
proportional to a received radiant power 1s produced in a
photodiode radiation detector that 1s operating photovolta-
ically without bias voltage. The photocurrent 1s processed 1n
a current to voltage converter. Subsequently, a temperature
signal corresponding to the radiant power i1s generated. A
corrective current, dependent on a temperature of the pho-
todiode radiation detector, 1s added to the short-circuit
photocurrent to compensate a fault current, wherein the fault
current 1s based on an input bias current and an mnput offset
voltage of the current to voltage converter across a tempera-
ture-dependent shunt resistance of the photodiode radiation
detector. A device with a corrective current source controlled

by a microcontroller 1s provided that can be used to perform
the method.
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1

METHOD FOR NONCONTACT, RADIATION
THERMOMETRIC TEMPERATURE
MEASUREMENT

BACKGROUND OF THE INVENTION

The 1nvention relates to a method for noncontact, radia-
tion thermometric temperature measurement. According to
the method, photodiode radiation detector operating photo-
voltaically without bias voltage produces a short-circuit
photocurrent which 1s proportional to the received radiant
power. This photocurrent 1s processed 1n a current to voltage
converter whereupon a temperature signal 1s generated
which corresponds to the radiant power and, for example, 1s
sent on to a temperature display. Moreover, the invention
concerns a device for performing this method.

Noncontact, radiation thermometric temperature measur-
ing methods as well as suitable devices, referred to as
pyrometers, are known. The employed photodiode radiation
detectors generate a photocurrent which 1s proportional to
the radiant power. The radiant power of an object to be
measured for a measuring wavelength of 2.4 um can
change, for example, 1n a temperature range of the object to
be measured of 50° C. to 700° C., by almost six orders of
magnitude. Correspondingly, the photocurrent changes also
by six orders of magnitude.

In order to realize a great current dynamics range of
approximately six decades 1n a continuous measuring range,
different concepts are known. In the known methods, the
photodiode current 1s converted to voltage which 1s subse-
quently further processed, for example, amplified.

The photodiode radiation detectors which are suitable for
noncontact, radiation thermometric temperature measure-
ment exhibit, depending on the material, different dark
resistances or shunt resistances. This resistance amounts to
several G&£2 1n case of silicon diodes with long wave sensi-
tivity limit of A_=1.1 um. In case of InGaAs diodes with
A _=1.7 um, the resistance amounts to several 10 M£2. In case
of extended InGaAs diodes with A_=2.6 um, the resistance
amounts to a few k€. Moreover, these shunt resistances are
strongly dependent on the radiation detector temperature. In
case of extended InGaAs photodiodes with A_=2.6 um, the
resistance decreases, for example, to one tenth for each
temperature increase of 34K.

For the current to voltage conversion, operational ampli-
fiers are employed. They have an input oflset voltage and an
input bias current. High-quality chopper operational ampli-
fiers have a typical mput offset voltage of =2.5 uV and an
input bias current of =400 pA.

When measuring an object with low object temperature
<75° C., the radiation intensity and thus also the photocur-
rent are very small. The photocurrent 1s within an order of
magnitude of a few pA. Depending on the quality of the
employed operational amplifier, the measurement of small
photocurrents 1s error-prone to a great extent or such a
measurement 1s even impossible. Methods for noncontact,
radiation thermometric temperature measurement as well as
the associated devices with photoelectric radiation detectors
with a spectral range up to approximately 2.6 um are
therefore used only at temperatures above 100° C. More-
over, the object temperature should be approximately 235 to
30 Kelvin above the device temperature. For improving the
methods and devices, temperature-stabilized radiation
detectors can be employed which however require 15 to 30
minutes for heating up to operating temperature and also
have an increased current consumption for heating. Other
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2

devices employ an optical chopper for signal stabilization
according to the pulsating light method.

Object of the present invention 1s to improve a method for
noncontact, radiation thermometric temperature measure-
ment as well as a device suitable for the method 1n such a
way that by means of a robust and potentially mobile device
a simple and quick temperature measurement at object
temperatures of <75° C., 1n particular at an object tempera-
ture at 50° C. and up, can be carried out accurately enough.

SUMMARY OF THE INVENTION

This object 1s solved for the method 1n that a corrective
current, which 1s dependent on the temperature of the
photodiode radiation detector, 1s added to the short-circuit
photocurrent for compensation of a fault current that 1s
comprised of the input bias current as well as the input offset
voltage of the current to voltage converter across the tem-
perature dependent shunt resistance of the photodiode radia-
tion detector.

This object 1s further solved for the device in that the
device comprises a corrective current source that can be
digitally controlled and 1s additively connected to the input
of the current to voltage converter as well as a microcon-
troller unit that controls the corrective current source and
comprises a microcontroller and a memory unit which 1s
correlated with the microcontroller.

In the method according to the invention, a corrective
current 1s thus added to the short-circuit photocurrent for the
purpose of compensation of a fault current, composed of the
input bias current and the input oflset voltage of the current
to voltage converter across the temperature dependent shunt
resistance of the photodiode radiation detector, at a location
upstream of or at the input of the current to voltage con-
verter. In this way, the influence of the fault current on the
temperature signal, generated downstream of the current to
voltage converter based on the voltage, 1s eliminated. The
method can thus be used even for low radiant power of the
object to be measured and the minimal photocurrents asso-
ciated with low radiant power.

Advantageously, the temperature of the photodiode radia-
tion detector 1s determined by means of a temperature sensor
at the radiation detector. The corrective current can be
adjusted 1n accordance with the temperature of the photo-
diode radiation detector. Accordingly, the temperature
dependency of the shunt resistance of the photodiode radia-
tion detector on case of a temperature change of the radiation
detector, for example, during measurement or between 1ndi-
vidual measurements, can be compensated. A temperature
stabilization of the radiation detector for improving the
measurement precision that requires increased current con-
sumption and longer heating periods 1s thus not necessary

In a preferred embodiment of the method, the corrective
current 1s adjusted as a function of the temperature of the
photodiode radiation detector by means of a current source
which 1s controlled by a microcontroller. The control of the
current source follows a temperature-dependent equation
which 1s stored 1n a memory unit correlated with the
microcontroller. By means of the control of the current
source by a microcontroller, the corrective current can be
adjusted precisely so that the corrective current compensates
the fault current with satisfactory accuracy.

Advantageously, the control of the temperature-depen-
dent corrective current 1s realized by means of the following
equation stored 1 the memory unit correlated with the
microcontroller:
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I—Iy
Iy = C(Kl + Kz(mTDfﬁ - 1))

In this equation, I, means the corrective current, K, and
K, are calibration constants, 1, . refers to the temperature
difference at which the shunt resistance of the photodiode
employed 1n the radiation detector changes by one order of
magnitude, T means the temperature of the photodiode
radiation detector, and T, refers to a reference temperature.
C 1s a device-specific or component-specific constant.

A corrective current which 1s generated 1in accordance
with this equation has a temperature-independent proportion
that 1s determined by the constant K, as well as a tempera-
ture-dependent proportion that 1s determined by the tem-

perature T as well as the constant K, and T, . By using, an
equation of the represented form, the temperature-indepen-
dent fault current components as well as the temperature-
dependent fault current proportions can be corrected. By
means of the corrective current, the fault current can be
compensated, 1n particular also 1n case of changing tem-
peratures of the photodiode radiation detector.

In a preferred embodiment of the method, the calibration
constants K, and K, can be determined experimentally. First,
the calibration constants are adjusted such that they do not
cause corrective contributions and the photodiode radiation
detector 1s brought to a reference temperature T,. Subse-
quently, the photodiode radiation detector 1s placed 1n front
of a black body (1ull radiator) with a low known temperature
of, for example, 60° C. and the calibration constant K, 1s
adjusted such that the propagated temperature signal corre-
sponds to the known temperature of the black body (full
radiator).

Subsequently, the photodiode radiation detector 1s heated
to a different temperature, for example, T=1,+25 K, and the
device 1s then placed again 1n front of the same black body
with the same known low temperature of, for example, 60°
C. Subsequently, the calibration factor K, 1s adjusted until
the temperature signal corresponds again to the known
temperature of the black body.

With this procedure, the component-dependent constants
K, and K, can be reliably determined for each of the
photodiode radiation detectors employed 1n the method as
well as for the employed current to voltage converters. The
equation with the corresponding constants 1s stored in the
memory unit of the correlated microcontroller.

The object 1s further solved by a device for noncontact,
radiation thermometric temperature measurement. This
device comprises a photodiode radiation detector which
generates a short-circuit photo current proportional to the
radiation intensity. Moreover, the device comprises a current
to voltage converter which 1s configured to process the
short-circuit photocurrent and further comprises an output
device for outputting a temperature signal corresponding to
the radiation intensity. The device comprises a corrective
current source which 1s additively connected to the input of
the current to voltage converter and can be digitally con-
trolled. Moreover, the device comprises a microcontroller
unit by means of which the corrective current source can be
controlled and which comprises a microcontroller and a
memory unit correlated with the microcontroller. As
explained above, the corrective current source, controlled by
the microcontroller unit, generates a corrective current
which 1s added upstream of or at the iput of the current to
voltage converter to the short-circuit photocurrent of the
photodiode radiation detector.
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Preferably, a device 1s employed in which the photodiode
radiation detector has a shunt resistance of <1 ME2. This
applies 1n particular to extended InGaAs diodes with a long
wave sensitivity limit of A_=2.6 um. The specification of the
shunt resistance of the photodiode radiation detector refers
in this context to room temperature. Higher long wave
sensitivity limits are in principle more suitable for the
measurement of lower temperatures. However, here the
internal shunt resistance 1s regularly lower.

Preferably, the corrective current source 1s embodied as a
digital analog converter (ID/A converter) with a downstream
voltage to current converter. Due to this circuitry, a simple
generation of the desired corrective current and a simple
control of the corrective current source by means of the
digital analog converter are possible.

In an advantageous emboli mert of the device, a tem-
perature sensor 1s arranged at the photodiode which pro-
duces a temperature-dependent control signal for the micro-
controller unit. Due to this arrangement, the photodiode
radiation detector temperature can be transmitted to the
microcontroller and the microcontroller can control the
digitally controllable current source for generating a corre-
sponding corrective current.

In a preferred embodiment, the corrective current source
which 1s downstream of the digital analog converter com-
prises a differential amplifier whose output voltage reference
potential relates to the cathode of the photodiode of the

radiation detector. The output of the corrective current

source 1s connected by at least one resistor with the anode of
the photodiode.

BRIEF DESCRIPTION OF TH.

(L.

DRAWING

FIG. 1 1llustrates the photocurrent of a photodiode radia-
tion detector as a function of the temperature of a black body
as an object to be measured.

FIG. 2 illustrates the relative shunt resistance of the
photodiode radiation detector as a function of its tempera-
ture.

FIG. 3 illustrates the temperature compensation current I .-
as a Tunction of the temperature of the photodiode radiation
detector.

FIG. 4 1s a circuit diagram of an implementation of the
invention.

FIG. § 1illustrates the measuring deviation when measur-
ing the temperature of a black body as a function of the
temperature of the radiator when using the method accord-
ing to the mvention.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

Individual technical features of the embodiment described
in the following can be combined also with afore described
embodiments as well as with features of one of the 1nde-
pendent claims and possibly further claims to other configu-
rations 1n accordance with the mvention.

Inasmuch as applicable, elements that are functionally the
same are 1dentified with same reference characters.

FIG. 1 shows the photocurrent of a photodiode radiation
detector as a function of the temperature of a black body as
an object to be measured. It can be clearly seen that the
photocurrent changes 1n a temperature range of 50° to 700°
across six orders of magmtude. In this context, the relative
change of the photocurrent based on temperature change 1s
more pronounced for low temperatures than for high tem-
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peratures. Below a temperature of the black body o1 120° C.,
the current drops from a range of approximately 10 nA to a

tew 100 pA at 350° C.

In FIG. 2, the change of the shunt resistance of the
photodiode as a function of the temperature of the photo-
diode radiation detector 1s illustrated relative to the resis-
tance at reference temperature of 25° C. In the illustrated
temperature range of —10° C. to 60° C., the shunt resistance
changes by two orders of magnitude. This change follows
the equation as shown below:

To=7
Rs — RD(IOTDIﬁF)

wherein R, means the shunt resistance as a function of the
photodiode radiation detector temperature, R, means the
shunt resistance at a reference temperature 1, and 1+
means the temperature ditlerence that causes a change of the
resistance by one decade. T, »and the temperature differ-
ence T,-T are to be put into the equation with the same
units, here with the employed unit K.

It has been found that a relevant temperature-dependent
tault current flows across the varying shunt resistance due to
the mput offset voltage of an operational amplifier.

In FIG. 3, the temperature compensation current I, 1s
illustrated as a function of the temperature of the photodiode
radiation detector. This curve represents the temperature-
dependent corrective current. The corrective current 1s deter-
mined to be 0 at a reference temperature of 25° C. because
here no correction of the temperature eflect 1s performed.

FIG. 4 shows a circuit diagram of a pyrometer with
photodiode radiation detector and a current to voltage con-
verter circuit with exponentiating transier characteristic for
dynamics compression. The circuit diagram comprises A/D
converter 1; CPU 2; D/A converter 3; display and mput 4;
corrective current source 3; and temperature sensor 6.

The preamplifier 1s constructed of the operational ampli-
fiers V1, V2, and V4 and compresses the great dynamic
range of the photocurrent Iph of the photodiode D1. The
current which 1s applied by D1 flows through the transistor
T1 which 1s connected as a diode and generates a voltage
drop between collector/base and emitter which corresponds
to the logarithm of the photocurrent Iph. This voltage
appears as U2 at the output of the chopper operational
amplifier V1 which 1s connected as a unity gain amplifier.
Since the anode of diode D1 1s connected with the non-
inverting mput and the cathode with the mverting input of
the amplifier, only the mput offset voltage of the operational
amplifier V1 1s applied to the photodiode and only a small
tault current can thus flow across the shunt resistance of the
photodiode.

At the output of the amplifier V2 which, like V1, 1s
connected also as a unity gain amplifier, the voltage U3
appears which 1s logarithmized from the reference current
Iref across the transistor T2. At the outputs of V1 and V2,
between the voltages U2 and U3, a voltage divider 1s
provided which 1s formed of the resistors R7 and R8 and
whose divided voltage U4 1s applied to the base of the
transistor T3.

Uy = U, + Uy

R+ + Ry R+ + Ry
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In this way, the transistor T3 1s acting for the output
voltage US as an e-function generator with divided voltage
U4 as mput parameter. In this way, the circuit functions for
the mput current Iph as an exponentiating device whose
exponent can be determined by means of a voltage divider
based on the resistors R7 and R8 that are preferably designed
with narrow tolerances. The exponents n and m are for Iph:
n=R8/(R7+R8) and for Iref: m=R7/(R7+R8). It 1s not prob-
lematic that, depending on the selection of the resistors, the
exponents n and m can be different because Iref as constant
current can be selected freely so as to match the desired
operating point adjustment. In order for the base current of
T3 not to impermissibly change the output voltage of the
voltage divider, the two resistors R7 and R8 are selected to
be so low ohmic, preferably in a range of preferably 100£2
to 500£2, that in this way an additional impedance converter
upstream of the base connector of T3 1s not required. Despite
of this, the current which 1s flowing through this voltage
divider still remains relatively low because the voltage
difference U2-U3, due to the currents being logarithmized,
1s only 1n the range of maximally 100 mV-200 mV.

The circuitry principle which 1s illustrated in FIG. 4 has
several advantages relative to alternative solutions 1n which
the logarithmic transistor 1s integrated in common base
configuration 1n the negative feedback branch of an opera-
tional amplifier.

The transistor T1 generates no voltage amplification
which can impair the stability of the operational amplifier
when the voltage-amplifying transistor in common base
configuration 1s integrated in the negative feedback branch
of the amplifier. Depending on the collector current, a
current-dependent oscillating tendency of the circuitry 1s
thereby generated that can be eliminated by measures that
reduce the amplifier bandwidth; however, this undesirably
prolongs the signal settling time for small photocurrents.

The circuitry expenditure for the exponentiating circuit
for signal dynamics compression 1s very minimal with three
impedance converters and three transistors.

The circuitry requires only a unipolar supply voltage
wherein approximately 3 V-5 V are sullicient for operation.
Accordingly, the power loss, iherent heating of the cir-
cuitry, and the complexity of the voltage supply can be
significantly reduced.

The transistors T1 to T3 are all connected with their
emitters to a common ground so that transistors on a
monolithic transistor array can be used without thereby
producing, due to different voltage potentials between the
transistors, substrate leakage currents which for small mea-
sured currents then would generate disruptive fault currents.
The monolithic configuration provides in addition a good
synchronization of the transistor characteristic line for tluc-
tuating environmental temperature which 1s desirable for a
low-driit operation of the circuait.

The compensation device 1s comprised of a digital analog,
converter (/A converter) controllable by a microcontroller;
its output voltage U0 can be changed from ground potential
to Uref and generates in the downstream differential ampli-
fier V3 the output voltage Ul which does not relate to the
ground potential of the D/A converter but to the cathode
potential of the photodiode D1 (voltage U2). Because the
required input compensation current at V1, depending on the
situation of the component tolerance, can have a positive as
well as a negative sign, the resistor circuit of V3 1s designed
such that the output voltage Ul relative to U2 can be
changed bipolar. Accordingly, for the D/A converter output
voltage U0=0, the voltage difference U1-U2 reaches the
negative maximum value; Ul1-U2=0 for U0=Urel/2; and
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U1-U2 reaches the positive maximum value for U0=Uref.
The voltage difference U1-U2 then produces across the high
ohmic resistor R5C the desired corrective current with
positive or negative sign.

In order to keep disturbing effects of V3 due to voltage
drift and noise at a minimum for the photocurrent measure-
ment, the resistor RSC 1n relation to the shunt resistance Rsh
of the photodiode 1s high ohmic, preferably with RSCz1,
000xRsh. Since the chopper operational amplifier used for

V1 requires only small corrective currents =1 nA, fulfilling
this condition by high ohmic resistors of e.g. 2100 ME2 1s

possible. When, however, high ohmic resistors are not
available 1n the desired quality and configuration, the output
voltage of V3, of course, can also be applied through a
voltage divider RS A and RSB to the resistor RSC. Under this

condition, R5C should always be greater than Rsh, prefer-
ably R5Cz5 Rsh, 1n order not to unnecessarily reduce the
cllective parallel resistance at the measuring mput because
otherwise the signal/noise ratio of the input stage decreases.

FIG. 5 shows the measuring imprecision in the form of the
deviation of the measured temperature from the known
temperature of a black body for measurement with the
method according to the mvention and a device designed for
this method. Here, the measuring deviations across a tem-
perature range ol 75° C. to 200° C. are 1n a range of <x0.2
K. This demonstrates the high measuring precision that can
be achieved with the method according to the invention for
noncontact, radiation thermometric temperature measure-
ment.

The specification incorporates by reference the entire
disclosure of German priority document 10 2016 005 321.6
having a filing date of May 2, 2016.

While specific embodiments of the imnvention have been
shown and described in detail to illustrate the mmventive
principles, 1t will be understood that the mvention may be
em bodied otherwise without departing from such prin-
ciples.

What 1s claimed 1s:
1. A method for noncontact, radiation thermometric tem-

perature measurement, the method comprising:
producing 1n a photodiode radiation detector, operating

photovoltaically without bias voltage, a short-circuit

photocurrent that 1s proportional to a received radiant
power;

determining a temperature of the photodiode radiation
detector by a temperature sensor arranged at the pho-
todiode radiation detector and supplying the detected
temperature of the photodiode radiation detector to a
microcontroller;

calculating, based on the detected temperature of the
photodiode radiation detector, a corrective current with
a temperature-dependent equation stored in a memory
unit of the microcontroller;

processing the short-circuit photocurrent in a current to
voltage converter;

adding the corrective current to the short-circuit photo-
current for compensation of a fault current, wherein the
fault current 1s comprised of an 1put bias current and
an mput oflset voltage of the current to voltage con-
verter across a temperature-dependent shunt resistance
of the photodiode radiation detector;

generating subsequently a temperature signal of the mea-
sured temperature corresponding to the radiant power
and outputting the temperature signal on an output
device.
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2. The method according to claim 1, wherein the step of
adding includes controlling a corrective current source by
the microcontroller based on the calculated corrective cur-
rent.

3. The method according to claim 2, further comprising
determining the corrective current based on the following
equation:

I—Iy
v = C(Kl + Kz(mTDiﬁ“ _ 1))

wherein T means the temperature of the photodiode radia-
tion detector, T, refers to a predetermined reference tem-
perature of the photodiode radiation detector, 1, . reters to
a temperature difference at which the shunt resistance of the
photodiode radiation detector changes by one order of
magnitude, K, and K, are calibration constants, and C 1s a
device-specific constant.

4. The method according to claim 3, further comprising
determining the calibration constants K, and K, by:

a) adjusting the calibration constants K, and K, so that the
calibration constants K, and K, cause no corrective
contribution to the current;

b) bringing the photodiode radiation detector to the ret-
erence temperature 1 ;

¢) selecting a black body and measuring a known tem-
perature of the black body with the photodiode radia-
tion detector;

d) subsequently, adjusting the calibration constant K,
until the generated temperature signal corresponds to
the known temperature of the black body;

¢) bringing the photodiode radiation detector to a tem-
perature different from the reference temperature;

1) subsequently, measuring the temperature of a black
body with the same known temperature as in step c)
with the photodiode radiation detector;

g) subsequently, adjusting K, until the generated tempera-
ture signal corresponds to the known temperature of the
black body.

5. A device for noncontact, radiation thermometric tem-
perature measurement for performing the method according
to claim 1, the device comprising:

a photodiode radiation detector, operating photovolta-
ically without bias voltage, configured to produce a
short-circuit photocurrent proportional to a radiation
intensity detected by the photodiode radiation detector;

a current to voltage converter configured to process the
short-circuit photocurrent;

an output device for outputting a temperature signal
corresponding to the radiation intensity;

a digitally controllable corrective current source addi-
tively connected to an input of the current to voltage
converter and configured to add the corrective current
to the short-circuit photo current for compensation of
the fault current;

a microcontroller unit operatively connected to the cor-
rective current source to control the corrective current
source, wherein the microcontroller unit comprises a
microcontroller and a memory umt correlated with the
microcontroller.

6. The device according to claim 35, wherein the photo-
diode radiation detector has a shunt resistance of less than 1

ME2.
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7. The device according to claim S, wherein the corrective
current source 1s a digital analog converter with a down-
stream voltage to current converter.

8. The device according to claim 7, wherein the photo-
diode radiation detector comprises a photodiode with a 5
cathode and an anode, wherein the corrective current source
1s arranged downstream of the digital analog converter and
comprises a diflerential amplifier having an output voltage
reference potential that relates to the cathode of the photo-
diode, wherein the corrective current source comprises an 10
output connected by at least one resistor to the anode of the
photodiode.

9. The device according to claim 5, further comprising a
temperature sensor arranged on the photodiode, wherein the
temperature sensor 1s configured to produce a control signal 15
supplied to the microcontroller unit for controlling the
corrective current source.
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